H umans have had a long and complex relationship with salt. Although highly valued in many societies, dietary salt has long been associated with high blood pressure [1] [2] [3] and, more recently, with other diseases. [4] [5] [6] Some individuals with hypertension often display salt-sensitive blood pressure changes, which is a condition more prevalent among blacks, older people, and individuals with renal insufficiency or diabetes mellitus. [7] [8] [9] In general, for those with salt-sensitive hypertension, excess sodium intake is associated with higher blood pressure, whereas a low-salt diet decreases blood pressure. 3 In spite of this well-known association, the basic molecular and cellular mechanisms underlying the effects of salt on blood pressure regulation are still not well understood. Furthermore, individuals with high blood pressure are at increased risk for multiple diseases (ie, coronary artery disease, heart failure, stroke, and renal disease) although at present whether or not a high dietary salt intake can directly lead to these diseases (ie, in the absence of hypertension) is not known.
H umans have had a long and complex relationship with salt. Although highly valued in many societies, dietary salt has long been associated with high blood pressure [1] [2] [3] and, more recently, with other diseases. [4] [5] [6] Some individuals with hypertension often display salt-sensitive blood pressure changes, which is a condition more prevalent among blacks, older people, and individuals with renal insufficiency or diabetes mellitus. [7] [8] [9] In general, for those with salt-sensitive hypertension, excess sodium intake is associated with higher blood pressure, whereas a low-salt diet decreases blood pressure. 3 In spite of this well-known association, the basic molecular and cellular mechanisms underlying the effects of salt on blood pressure regulation are still not well understood. Furthermore, individuals with high blood pressure are at increased risk for multiple diseases (ie, coronary artery disease, heart failure, stroke, and renal disease) although at present whether or not a high dietary salt intake can directly lead to these diseases (ie, in the absence of hypertension) is not known.
Our understanding of the effect of salt on health has grown even more complex recently. Researchers have reported a new connection between salt and autoimmunity: a high-salt diet was shown to accelerate autoimmune activity in a mouse model of multiple sclerosis. 10, 11 In addition, a close connection between hypertension and the immune system has been revealed. [12] [13] [14] [15] [16] However, the causal relationships between salt, immunity, and hypertension (eg, how salt could mediate interactions between the immune system and the vasculature, brain, or kidney to increase blood pressure) are not well understood.
The National Heart, Lung, and Blood Institute convened a Working Group (WG) in 2014 to discuss this new emerging scientific area in hypertension research. The WG brought together experts from diverse backgrounds including hypertension, epidemiology, preeclampsia, cardiovascular disease, kidney disease, and autoimmune diseases. The WG reviewed existing and emerging scientific evidence that connects salt to human diseases, with a focus on hypertension and immune diseases ( Figure) . The main areas of discussion addressed the bases of relationships between (1) dietary salt and hypertension, (2) salt, autoimmunity, and cardiovascular diseases, and (3) hypertension and immunity in various organs and systems (brain, kidney, skin, and vasculature). The WG also discussed the potential role of intrinsic factors (eg, genetics, sex, and race) and environment on these relationships. Because the WG members came from diverse backgrounds, the meeting provided an excellent opportunity for cross-disciplinary thinking and discussions and highlighted the potential for future collaborations and research topics. In this report, we provide a brief summary of the WG discussion and recent progress in this area.
Salt and Human Disease: What Is the Link?
The discovery of the relationship between salt and human hypertension is credited to Dr Lewis Dahl. 3, 17 During the postworld war II era, the US Atomic Energy Commission conducted radiation-related research on populations in specific global research sites. Dr Dahl took advantage of the varied salt-consuming food habits of these populations and studied the relationship between salt and blood pressure. 17 The data obtained were used in one of the first reports that demonstrated a direct relationship between dietary salt and blood pressure levels in humans. In these early studies, Dr Dahl and colleagues also demonstrated that the blood pressure-lowering
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effect of the Kempner rice-fruit diet, used for the treatment of hypertension, was primarily a result of its low sodium content. Others including Kawasaki et al 18 and later Weinberger et al 19 recognized the heterogeneity of blood pressure response to sodium intake and further developed the concept of sodium sensitivity in humans.
The definition of salt sensitivity varies between studies, mostly being defined as a proportional change (ie, ≥3 to ≥10%) or an absolute change (ie, ≥3 to ≥10 mm Hg) in mean arterial blood pressure from low to high sodium intake. Despite the variety of definitions and protocols used to test for salt sensitivity, several findings have been consistently observed. First, sodium-induced changes in blood pressure are normally distributed in populations, and there is no evidence for a bimodal distribution. 7 Like defining hypertension, using a cutpoint to categorize subjects as salt sensitive or nonsensitive is arbitrary. Second, salt sensitivity is a common biological phenomenon in human populations. Depending on the definition and measurement methods, salt sensitivity has been noted in 25% to 50% of normotensives and 40% to 75% of hypertensive patients. [7] [8] [9] Third, older individuals, blacks, and people with obesity and metabolic syndrome are more likely to be salt sensitive. [7] [8] [9] 20 In addition, salt sensitivity is reproducible over time and associated with increased risk of cardiovascular and total mortality. Furthermore, both genetic and environmental factors determine an individual's salt sensitivity. 20, 21 Genetic factors may account for 27% to 42% of the variation in blood pressure salt sensitivity. 21 It should be noted, however, that most of these studies involve short-term (several days to weeks) administration or deprivation from salt, and we still do not know if longer-term (months to years) administration of salt might lead to blood pressure elevation in all subjects. Future studies should be undertaken to develop a standard protocol and definition to test for salt sensitivity. It will also be important to identify biomarkers for salt sensitivity, which can be used for risk classification and prediction.
Currently, the molecular mechanisms underlying salt sensitivity are not clear. Schmidlin et al 22 reported that only in salt-sensitive but not in salt-resistant blacks, salt administration induced increased blood pressure and systemic vascular resistance, which were associated with increased formation of asymmetrical dimethylarginine, an endogenous vasodilation inhibitor. Also, there is evidence that high salt intake can enhance local generation of angiotensin II in humans, which may have local effects on vascular tone and function. 23 Other mechanisms include impaired sodium excretion resulting in salt retention. 24 Further understanding the molecular mechanisms of salt sensitivity could aid in developing novel treatments for salt-sensitive hypertension.
Salt and Autoimmune Disease
Recent studies have provided evidence for a strong link between dietary salt, inflammation, and defective immune regulation, particularly in the Th17 and Foxp3+ regulatory T-cell (Treg) populations, both of which are part of the CD4+ helper T-cell lineage and have pivotal roles in the induction of autoimmune disease. 10, 25 The responsible genetic components for autoimmune disease have been studied to show that many immune-responsive genes are shared among autoimmune diseases, but these data fail to fully explain the continued increase in incidence of autoimmune disease during the past several decades, suggesting that environmental factors are also likely involved. 26, 27 Recent studies have also established a strong correlation between eating a fast food diet and increased circulation of Th17 cells. 28 Salt-exposed Tregs adopt a Th1-type interferon-γ signature that is similar to that observed in Tregs isolated from patients with autoimmune disease, such as those with type 1 diabetes mellitus and multiple sclerosis. 29 A high-salt was shown to hasten the development of experimental autoimmune encephalomyelitis and to exacerbate the severity of xenogeneic graft versus host disease in mice. 29 This study exploring the link between dietary salt and innate immunity also revealed that high-salt significantly enhances inflammatory macrophage function by decreasing the ability of M2 macrophages to suppress T-cell responses. A related study showed that the inflammasome, which is critical for Th17 cellular induction, can induce widespread inflammatory responses after exposure to a high-salt environment. 30 Thus, recent studies on the immune system have broadened our perspectives on the effects of salt on health because these studies strongly suggest a link between dietary salt and the immune system. Does exposure to high salt exacerbate the induction of autoimmunity in a genetically susceptible individual and if so, can we therapeutically manipulate these dietary salt effects in patients with autoimmune disease? Conversely, is there any benefit of anti-inflammatory or immune-suppressive agents in the treatment of salt-sensitive hypertension? Dietary shifts in sodium intake could have widespread effects on the gut by causing changes in gut architecture and immune profiles. Investigating these and other questions will advance our knowledge of salt and disease and will be aided by sodium magnetic resonance imaging (MRI), a form of MRI that can reveal extracellular and intracellular sodium levels. 31 Development of other such diagnostic tools will continue to push this research area forward. Further work is needed to explore whether or not dietary salt interventions provide any benefit to patient outcomes, and more research will enable elucidation of the relationships between genes and environment in the context of immune disease. The greatest challenge we face is carving out a research agenda capable of addressing the many complexities of immunity, inflammation, diet, and disease. In this regard, the DASH (Dietary Approaches to Stop Hypertension) diet-which is rich in fruits, vegetables, and low-fat dairy foods and with reduced saturated and total fathas been effective in lowering blood pressure, 32 but its interaction with the immune system has not been studied. Morris et al 33 have shown that dietary potassium intake antagonizes the pressor response to dietary sodium in both blacks and whites. In the future, it will be interesting to determine if the DASH diet or increased potassium intake affects the immune system.
Salt and Lymphatic System
Recent evidence suggests that large amounts of sodium are stored in the interstitium. 31, 34 This unappreciated electrolyte accumulation induces compensatory local regulatory lymphatic clearance mechanisms and parallel mononuclear phagocyte system cells and T-cell responses. The tonicityresponsive enhancer-binding protein (TONEBP, also known as NFAT5) was found to be expressed in skin macrophage and has been implicated in modulating lymphatic growth and salt clearance from the skin, which in turn affects blood pressure. 34 It is well known that the Lys2-Cre mouse targets genes expressed in resident tissue macrophages and neutrophils. 35 At one time, Lys2 was thought to be absent in cells closely related to macrophages, especially in dendritic cells (DCs). However, a thorough analysis of different DC subpopulations revealed Lys2 expression and target gene deletional capacity in Lys2-Cre mice within some DC subsets and circulating monocytes. 36 In particular, DCs that use the lymphatic vasculature to migrate from nonlymphoid organs like skin or lung to draining lymph nodes (so-called migratory DC) are Lys2+ and show reporter expression in Lys2-Cre mice. 36 Based on rigorous expression profiling in the Immunologic Genome Project, it seems that DCs that migrate from skin to draining lymph nodes have highest levels of NFAT5, far outweighing the low-level of NFAT5 expression in macrophages. 37 These observations, which require experimental testing, raise the possible alternative interpretation of published experiments that focused on Lys2-Cre x NFAT5 fl/fl mice 34 ; instead of macrophages in the skin regulating response to salt stored therein, the DCs that migrate from the skin to the skindraining lymph node may play a central role in salt storage and associated lymphangiogenesis. Future research should determine if it is really macrophages that sit in skin or if it is DCs that traffic to lymph nodes to control the lymphatic-salt storage axis, or both.
Recent work has shown that sodium retention can occur in the skin, muscle, and other organs without added water retention. 31 Interestingly, dialysis treatment and diuretic drug therapy can mobilize the sodium stored in skin and muscle in humans. 38, 39 The high sodium concentration under the skin boosts macrophage-driven host defense in bacterial skin infections, suggesting that high-salt concentrations under the skin are a physiological component of the immunologic barrier. Microstructural analysis of sodium distribution in rodents suggested that sodium is concentrated under the keratinocyte layer. 40 The resulting electrolyte gradient may result in electrochemical gradient formation. Epithelial sodium channels in human keratinocytes may mediate the directionality of electrolyte gradient formation, suggesting that sodium could be concentrated in the skin by active transport. A possible explanation for the high sodium concentration in the skin has been proposed; active sodium transport, combined with cutaneous blood capillary loops, may create a functional kidney-like countercurrent system for concentration of sodium chloride under the skin. 40 Although the microanatomy of electrolyte distribution and its association with keratinocytedriven sodium transport and vascular countercurrent loops make the existence of a functional counter current system likely, it is important to note that this hypothesis has not yet been addressed in physiological studies.
Salt and Brain
Studies have demonstrated that acute hypernatremia effectively activates sodium/osmolality-sensing neurons in the forebrain and thence neurons downstream in the hypothalamus and brain stem that drive sympathetic nerve activity and raise arterial pressure. 41 Thus, people who regularly consume high-salt meals will be challenged to continuously maintain normal sodium and water balance. Whereas neuronal excitatory actions of elevated plasma sodium have been repeatedly demonstrated, studies have yet to firmly establish the extent to which this mechanism contributes to the sustained increase of sympathetic nerve activity that accompanies salt-sensitive forms of arterial hypertension.
An unresolved but pressing question is whether a moderately elevated level of salt intake that does not increase plasma sodium during the long term can nevertheless recruit prohypertensive, sympathoexcitatory neural mechanisms. Available evidence suggests that this may be the case, but mechanisms are still under investigation. An attractive hypothesis being tested is that even moderately elevated salt intake during the long term induces a state of neuroplasticity, which causes other prohypertensive stimuli (eg, renin-angiotensin II-aldosterone system activation) to elicit an exaggerated increase in sympathetic activity and a heightened hypertensive response. It is worth noting that neural mechanisms that increase sympathetic activity in response to acute hypernatremia could be pertinent to other diseases such as diabetes insipidus (DI) in which the plasma sodium concentration is chronically elevated. 42, 43 Although rats with neurogenic DI have normal resting blood pressure, they experience a greater fall in mean arterial pressure during complete autonomic blockade compared with arginine vasopressin (AVP) intact controls. 42, 43 The extent to which this reflects greater resting sympathetic vasomotor tone in DI rats, perhaps driven by their standing hypernatremia, versus their inability to release AVP in response to a fall in blood pressure has not been resolved. Despite lacking the ability to release AVP, rats with neurogenic DI have intact responses to acute renovascular hypertension. Although consistent with AVP having a limited role in renovascular hypertension, exaggerated reninangiotensin II-aldosterone system and sympathetic activity in the hypernatremic DI rat could potentially compensate for the lack of AVP.
The ability of dietary salt to induce expression of proinflammatory and autoimmune cytokines (eg, interleukin [IL]-17a) among peripheral immune cells (eg, T helper cells) could be a principle part of salt-induced sympathetic activation. 10, 11 Recent evidence indicates that activated immune cells can invade regions of the forebrain and hypothalamus and contribute to sympathoexcitatory and hypertensive responses to prohypertensive hormones such as angiotensin II and aldosterone. 44 Available evidence is also consistent with the view that salt intake can induce an initial wave of proinflammatory signals that subsequently triggers persistent microglial activation, 45 culminating in a heightened neurogenic contribution to hypertension.
Whereas animal models of hypertension have identified numerous synaptic and intrinsic neuronal alterations that contribute to sympathetic activation, these adaptations have yet to be directly linked to specific upstream cytokine signaling pathways emanating from brain tissue-resident peripheral immune cells or from activated microglia. Establishing these functional interactions represents a critical next step toward illuminating how elevated salt intake promotes a neurogenic contribution to arterial hypertension and, potentially, other sympathoexcitatory sodium-retaining diseases such as chronic heart failure.
Salt and Gut Microbiome
Dr Lewis Dahl addressed the question of whether or not salt causes or contributes to the development of hypertension using rat models he generated from Sprague Dawley rats. Despite feeding 8% NaCl to all the rats, only a subset of them developed hypertension. By applying a selection breeding strategy for divergent blood pressure responses to dietary salt, the Dahl salt-sensitive (SS) and the Dahl salt-resistant rats were developed. Wide use of these animals in research has not only demonstrated the genetic basis for hypertension but also resulted in the identification of several loci on the rat genome that are linked to blood pressure. 17 Recent studies have further demonstrated that the compositions of the gut microbiota between the Dahl SS and salt-resistant rats are different, suggesting a potential connection with salt sensitivity. 46 Gut microbiota are increasingly being recognized as a significant factor influencing several inflammation-and immunity-related traits, such as colitis and inflammatory bowel disease, and also in cardiovascular and metabolic traits, such as hypertension, obesity, and metabolic syndrome. 46, 47 Besides the genomic contribution of the host to salt-sensitive hypertension, a recent study used the Dahl rats to shed light on the microbiome as yet another important factor contributing to the development of salt-sensitive hypertension. 46 The most significant change observed with the lowering of blood pressure was a lower level of the bacteria of the phylum Tenericutes and of the family Veillonellaceae belonging to the phylum Firmicutes. Other changes noted to be associated with a lowering of blood pressure were decreases of Clostridiales and Mollicutes. 46 Given the link between salt and the immune system, each of the individual relationships of (1) salt and hypertension, (2) salt and the immune response, and (3) salt-sensitive hypertension genetics and gut microbiota are being established. Beyond further research into each of these relationships, it will be important to delineate the 3-way relationship for the development of hypertension in the context of the extent of dietary salt, the host-microbiotal genetic and epigenetic cross talk, and the state of the immune system. To this end, it will be necessary to develop animal models that have compromised immune systems and genetic propensity to develop hypertension.
Preeclampsia and Hypertension
Preeclampsia, a pregnancy complication characterized by high blood pressure, is an emerging risk factor for future saltsensitive hypertension and cardiovascular disease. 6 It has been argued that the underlying metabolic milieu of these women (such as obesity and hyperlipidemia) confers risk for both preeclampsia and cardiovascular disease. However, the possibility that preeclampsia-induced vascular damage causes persistent vascular dysfunction that interacts with pregestational cardiovascular disease risk factors has emerged as a likely scenario for the cause of cardiovascular disease in this population. 48 The absence of hypertension in the siblings of women with preeclampsia who might be expected to be at similar risk of cardiovascular disease, and the increased risk of hypertension in women with recurrent preeclampsia, suggest that preeclampsia, per se, can directly lead to long-term hypertension and cardiovascular disease.
Emerging data from rodent studies suggest that direct vascular injury induced by high levels of circulating antiangiogenic factors (ie, sVEGFR-1, also known as sFlt1) that are upregulated in humans with preeclampsia causes long-term changes in the vasculature that promotes cardiovascular disease. 6, 49 Other studies have revealed that experimental preeclampsia in mice induces long-term changes in the global plasma protein profile (proteome) that correlate with changes associated with cardiovascular disease. 50 A recent study also suggests alteration in factors regulating lymphangiogenesis in preeclampsia, 51 which may lead to altered salt storage handlings in patients with preeclampsia. Because cardiovascular disease remains the leading cause of death in women, a greater understanding of the mechanism of postpreeclampsia hypertension and cardiovascular disease will improve screening and suggest novel targets for prevention of cardiovascular disease in this high-risk population of women.
Systemic Autoimmune Disease and Hypertension
An association exits between immune system activation and hypertension. Evidence suggests that patients with primary hypertension have increased circulating levels of autoantibodies, thus implicating autoimmunity as a potential underlying factor. 52 Patients with autoimmune disorders including systemic lupus, rheumatoid arthritis, and scleroderma have an increased risk for developing hypertension, although the mechanisms underlying this risk have not been widely studied.
14 To date, much of what has been learned about immune function, and hypertension has been achieved through studies in experimental models of angiotensin II-induced and saltsensitive hypertension. Although these models will continue to yield new insights, it will be essential to study additional models of immune-mediated dysfunction that develop hypertension because this will further advance our understanding of the mechanistic importance of autoimmunity to hypertension and help determine whether specific clinical populations can benefit from immune targeting as a component of their effort to control blood pressure. Already, there have been hints that targeting the immune system may be beneficial for blood pressure control. For example, a small clinical study showed that immunosuppression lowers blood pressure in patients with rheumatoid arthritis or sarcoidosis. 53, 54 Similarly, removing autoantibodies via immunoadsorption in refractory hypertensive patients significantly reduced blood pressure. 55 These studies further underscore the need to understand how autoantibodies might contribute to the pathogenesis of hypertension. Using an experimental model of systemic lupus, it has been demonstrated that inhibition of inflammatory cytokines like tumor necrosis factor-α attenuates the development of hypertension and renal disease. 56 Furthermore, it was demonstrated that long-term treatment with an anti-CD20 antibody (to knock down B cells and prevent autoimmunity) protected against the development of hypertension.
14 Ultimately, it will be important to delineate the specific immune cells, antibodies, and cytokines, and how they impact renal, vascular, and neural function to contribute to the development of hypertension. It will be also critical to examine the role of hormonal factors and environmental factors (ie, dietary salt) that have immune modulatory roles and may ultimately lead to increased cardiovascular risk.
Psoriasis and Hypertension
Systemic inflammatory disorders such as psoriasis provide a reliable human in vivo model to understand immune activation, inflammation, and effects on the body. Psoriasis is associated with hypertension as well as increased risk of cardiovascular diseases such as myocardial infarction. 57, 58 As such, psoriasis provides a framework to test hypotheses related to interactions between environmental effects (ie, diet, exercise, etc) and immune responses depending on the clinical status of the skin disease. This is especially informative when a patient is observed in a flared state and then started on an immunemodulating drug such as anti-IL17 or anti-IL12/23 therapy. Interestingly, recent evidence suggests that psoriatic skin contains more renin, which may provide a link between psoriasis and hypertension. 59 Drawing on early results from an ongoing cohort study at National Institutes of Health (NCT:01778569), downregulation of the immune system with biological therapy seems to improve cardiovascular risk factors including dyslipidemia, dysglycemia, and markers of vascular inflammation (N. Mehta, unpublished data, 2016). Whether this is a drug effect or disease improvement leading to better health decisions is not yet known.
Hypertension had a variable response to immune modulatory drugs, with some classes increasing blood pressure and others having differing effects by individuals. When skin disease improves, however, it is not well understood whether there is a direct effect on blood pressure. Therefore, a systematic characterization including skin, blood, urine, and blood pressure responses after therapy would facilitate understanding of a potential relationship between immune activation and modulation of blood pressure. These findings potentially may also inform of changes in salt handling in the skin if in fact renin content changes in the skin after therapy.
Role of Immune Cells in Salt-Sensitive Hypertension
Multiple reports have documented the importance of the immune system in hypertension, vascular disease, and renal disease. [12] [13] [14] [15] In recent years, with the availability of new experimental tools, the fundamental links between immunity and hypertension have been explored. In particular, a seminal study by Guzik et al 16 used an approach with adoptive transfer of immune cells in immune-deficient mice to illustrate the role of T lymphocytes in experimental hypertension. Their study has driven highly increased interest in this area of study.
The role of immune mechanisms in hypertension and renal damage has been studied in Dahl SS rats, that have strong phenotypic similarities with salt-sensitive human hypertension. 13 For example, the Dahl SS strain and a subset of the human population exhibit elevated arterial pressure and albuminuria when sodium intake is increased. Also, both Dahl SS fed high salt and hypertensive humans demonstrate an infiltration of macrophages and CD4 + and CD8 + T cells in the kidneys. 13 These mononuclear cells are found in regions near damaged blood vessels, glomeruli, and tubules. To demonstrate the importance of the infiltrating immune cells in the development of salt-sensitive hypertension and renal disease, experiments were performed in which pharmacological inhibitors of the immune system were administered to Dahl SS rats during the period of high salt intake. The immunosuppressive agents were able to prevent the infiltration of T cells into the kidneys of the treated animals and attenuate the development of saltsensitive hypertension and renal damage. 13 Subsequent studies used zinc finger nuclease technology to delete Recombination Activating Gene 1 (leading to a loss of mature T and B cells) and CD247 (leading to a loss of T cells) in the Dahl SS genetic background. Experiments performed on these mutant rats demonstrated that elimination of the T cells attenuated the salt-sensitive hypertension and renal damage in the Dahl SS. 60 These studies demonstrate the importance of T cells as amplifiers of salt-sensitive hypertension and renal damage. It has been interpreted that tissue damage, as a result of an initial increase in arterial pressure, triggers the inappropriate immune response in hypertension. 13 A link between inflammation and human hypertension has recently been demonstrated in animal models to examine SH2B3 (also known as lymphocyte adaptor protein), a gene linked to human hypertension and renal disease through genome-wide association studies. 61, 62 SH2B3 functions as a negative regulator in many signaling pathways, including inflammatory signaling processes. A zinc finger nucleasemediated mutation of SH2B3 significantly attenuated the infiltration of leukocytes into the kidneys which was accompanied by a reduction in salt-sensitive hypertension and renal disease in Dahl SS rats. 61 A separate report demonstrated that mice lacking SH2B3 have an exaggerated hypertensive response to angiotensin II. 62 Taken together, these studies provide further support for the immune system's role in the pathogenesis of hypertension and end-organ damage.
An exciting recent study has defined a novel mechanism of immune activation in hypertension. 63 This study has shown that both angiotensin II-and DOCA (deoxycorticosterone acetate)-salt hypertension are associated with the formation of γ ketoaldehydes (isoketals) in DCs. These are lipid oxidation products that rapidly react with lysines of proteins, and these modified proteins seem to be immunogenic. DCs that present isoketal-modified peptides in their major histocompatibility complex potently drive T-cell proliferation and production of cytokines by T cells. Scavenging isoketals has proven effective in preventing immune activation and lowering blood pressure in these experimental models. How sodium might affect the formation of isoketal-modified proteins in antigenpresenting cells is an important direction of future research. It will also be important to perform studies to understand the cell types involved in the response, the stimuli responsible for the activation of the different immune cell subtypes, and the cytokines and other factors mediating the pathogenic effects. As this field progresses, further advances should permit the development of targeted therapies to treat salt-sensitive hypertension and associated end-organ damage more effectively.
Sex Differences in Hypertension
Sex differences in hypertension are clearly demonstrated by animal and human studies. [64] [65] [66] Females have lower blood pressure than males across numerous species and in diverse genetic and induced animal models of hypertension. Epidemiological studies show that the onset of hypertension occurs earlier in men than in women and that white, black, and Hispanic men have a higher prevalence of hypertension than women up through the fifth decade of life. Although these studies clearly show that sex differences exist in both blood pressure levels and prevalence of hypertension, little is known about the mechanisms underlying these differences.
Animal studies have shown that the higher arterial blood pressure observed in male compared with female mice after angiotensin II stimulation disappears in the T-cell-deficient Rag-1 −/− mice, 67, 68 suggesting that the immune system contributes to sex differences in this model of hypertension. Furthermore, although adoptive transfer of male T cells restored the magnitude of hypertension induced by angiotensin II in male Rag-1 −/− mice, they did not increase arterial pressure in female Rag-1 −/− mice, 68 which may be because of less T-cell-mediated tissue infiltration in the female Rag-1 −/− mice. Interestingly, female T cells did not increase arterial pressure in male Rag-1 −/− mice, 67 suggesting that sex-specific T-cell mechanisms contribute to resistance and susceptibility to hypertension.
Studies on the impact of biological sex on salt effects in hypertension are sparse and controversial. One study reported that women are more sensitive to salt than men. When salt intake was restricted from 15 g/d to <3 g/d, blood pressure in women remained sensitive to salt, whereas blood pressure in men did not. 69 Furthermore, a recent study showed that women exhibited larger changes in blood pressure than men in response to changes from low-to-high or high-to-low salt intake. 20 In contrast, in animal studies of salt sensitivity, male Dahl SS rats had higher blood pressure and more renal injury than female Dahl SS rats in response to a high sodium diet indicating that the males were more sensitive to sodium than the females. 70 At National Institutes of Health, considering sex as an important biological variable is now mandatory on all grant applications (NOT-OD-15-102) because biological sex can have profound effects on the incidence and progression of disease as well as the response to treatment. In future, it will be important to investigate the impact of biological sex on mechanisms underlying the effects of salt on blood pressure regulation and end-organ damage in diverse animal models of hypertension and salt sensitivity. Understanding the cause and consequences of sex differences in salt effects could lead to novel therapeutic and perhaps sex-specific approaches through the discovery of new drug targets as a result of comparing mechanisms in both sexes.
Summary and Future Directions
The WG concluded that the initial research that has implicated salt as a factor in important diseases points to the need to further illuminate the biological mechanisms and pathological processes to which salt may contribute. To guide this research into how salt may connect with human diseases, the WG members identified several scientific gaps and challenges and highlighted some opportunities for scientific inquiry and technical development.
• Hypertension and immune disease (including autoimmune diseases), using existing experimental models, sex-specific animal models, and new experimental models.
• Salt-sensitive hypertension; in particular:
• The relative importance and interactions of several cytokines (specifically, IL-17, interferon-γ, tumor necrosis factor-α, and IL-6).
• The relationships between genes and environment (ie, epigenetics).
• The role of the gut microbiome.
• The role of the lymphatic system.
• The underlying mechanisms of salt storage in the skin.
• How prohypertensive neural inflammatory processes and peripheral immune cell activation by sodium interact to affect health.
• Cardiovascular disease development in women with a history of preeclampsia.
The group also identified tools and technologies that are needed to move this research agenda forward:
• Standardized protocols to determine salt sensitivity at an individual level.
• New technologies to measure sodium concentrations in human tissues and animal models.
The kinds of technologies that would be helpful include methods to measure electrolyte distribution in skin microvasculature and easily accessible sodium MRI. Unlike traditional MRI, sodium MRI can reveal extracellular and intracellular sodium levels, which will help with understanding the role of salt in health and disease. As these technologies, protocols, and diagnostic tests become available, it will be critical that they are adopted. During the general discussion, the WG members also noted that it may be necessary to adopt a new term (eg, homeostatic immune response) to describe the evolving concept of the physiological role of immunity and inflammation.
